Plant flavonoids are well known as antioxidants against oxidative stress induced by exposure to external pollutants. Nicotine (NIC) is one of those agents which increases renal oxidative stress, an important factor in the pathogenesis of renal epithelial injury in smokers. Although several studies had been conducted on flavonoids and oxidative stress, the mechanism of the protective pathways are not fully understood. Here, we present studies on antioxidant properties of two mono-hydroxyflavone isomers, 3-hydroxyflanove (3HF)-and 7-hydroxyflavone (7HF), against nicotine-associated oxidative stress and injury in cultured renal proximal tubule cells and correlate their antioxidant properties with their chemical structure. Our data clearly demonstrates, for the first time, that while both 3HF and 7HF protect renal cells from NIC-associated cytotoxicity, the mechanism of their action is different: 3HF elicits protective activity via the PKA/CREB/MnSOD pathway while 7HF does so via the ERK/Nrf2/HO-1 pathway. Molecular docking and dynamics simulations with two major signaling pathway proteins showed significant differences in the binding energies of 3HF (-5.67 and -7.39 kcal.mol -1 ) compared to 7HF (-5.41 and -8.55 kcal.mol -1 ) in the matrices of CREB and Keap1-Nrf2 proteins respectively, which corroborate with the observed differences in their protective properties in the renal cells. The implications of this novel explorative study is likely to promote the understanding of the mechanisms of the antioxidative functions of different flavones.
Introduction
Nicotine (NIC) is a major tobacco alkaloid and component of E-cigarettes [1] . NIC links smoking to renal injury via increased oxidative stress [2] . Our in vitro studies confirmed that NIC stimulates mitochondrial ROS production, which leads to a mitochondrial depolarization-dependent injury of renal proximal tubule cells [3, 4] . Previously we have also shown that NIC exposure increases oxidative stress in the kidneys of mice, leading to sub-lethal injury of 
Measurement of intracellular ROS production
Microplate assay using oxidant-sensitive 2 0 ,7 0 -dichlorofluorescein-diacetate (DCFDA; Invitrogen, Grand Island, NY) measured the intracellular generation of ROS. Cells grown in T25 flasks were pretreated with either 20 μM 3HF or 20 μM 7HF for overnight as required and isolated with trypsinization. After washing and counting, cells were loaded with 100 μM DCFDA in HBSS for 30 min at 37˚C. After incubation, the excess dye was removed by washing with fresh HBSS and placed in wells of a 96-well plate (0.5 × 10 6 cells/well). 200 μM NIC was added to the appropriate wells and the increase in fluorescence was monitored in a fluorescence plate reader (Fluorocount, Packard) at 485 nm exc /530 nm em . ROS production was calculated as changes in fluorescence/30 min/0.5 × 10 6 cells and expressed as the percentage of untreated values as described in our earlier studies [22] .
Manipulation of Nrf2 or MnSOD expression as well as ERK or CREB activation
Nrf2 expression was knocked down by a Nrf2 siRNA (Santa Cruz, Ja Jolla, CA) using Lipofectamine 3000 (Life Technologies, Grand Island, NY) as we reported earlier [23] . To knockdown MnSOD expression, NRK52E cells were transfected with a short-hairpin (sh)MnSOD plasmid (Addgene, Cambridge, MA, USA) using Lipofectamine 3000 as we described elsewhere [24] . ERK and CREB activations were inhibited by infection with a dominant negative MEK1 (dnMEK) or M1CREB adenovirus, respectively, as described in our previous studies [25, 26] .
Reporter luciferase assay NRK52E cells grown in 24-well-plates were transfected with either of the following reporter luciferase plasmids: MnSOD-promoter-reporter-luciferase [27] , HO-1 promoter luciferase [28] , CRE luciferase (Stratagene/Agilent Technologies, Santa Clara, CA) and ARE luciferase (Qiagen, Germantown, MD) together with a Renilla luciferase (Promega, Madison, WI) by using Lipofectamine 3000 reagent (Life Technologies, Grand Island, NY). 24 hours after treatment(s) firefly and renilla luciferase activities were determined by using the Dual Luciferase assay kit (Promega, Madison, WI, cat# E2920). Luciferase activities were calculated as ratios of the firefly and renilla activities and expressed as percentage of the control (untreated) values.
Preparation of the proteins and ligands for computational studies
Structures of 3HF and 7HF were drawn using ChemDraw 12 and Becke three-parameter LeeYang-Parr (B3LYP) hybrid density functional theory with the basis set of 6-31 g ÃÃ was employed to optimize the flavonols structures, using the GAMESS quantum chemistry software (USA) [29] . The known crystal structures of the proteins Keap1-Nrf2 conjugate (PDB ID: 2DYH) [30] and cAMP responsive element-binding protein (CREB) (PDB ID: 1DH3) [31] were obtained from the RCSB Protein Data Bank at resolution of 1.9 Å and 3.0 Å for 2dyh and 1DH3, respectively. These structures were energetically optimized by applying the gromos96 43a1 force field [32] available in GROMACS package 5.1.2 [33] .
Molecular docking procedure
In this work, docking study was carried out to determine the binding affinities and sites of 3HF and 7HF in Keap1-Nrf2 conjugate and CREB. Water molecules of the protein.pdb files were removed, missing hydrogen atoms and Gasteiger charges were added. Flexible-ligand docking was performed by AutoDock 4.2 molecular-docking program using the implemented empirical free energy function and the Lamarckian Genetic Algorithm [34] . The Auto Grid was used to calculate Grids and a blind docking with 126 lattice points along X, Y, and Z axes was performed to find the active site of ligands to the protein. After determination of the active site, the dimensions of the grid map were selected 60 points with a grid point spacing of 0.375 Å, to allow the ligand to rotate freely. 250 docking runs with 25,000,000 energy evaluations for each run were performed.
Molecular dynamics (MD) simulation
MD simulation [35] [36] [37] method was used to compare the structural changes of proteins in the absence and presence of 3HF and 7HF. The flavonol-protein complexes with the most negative free binding energy were considered as the initial conformations for the MD studies. GRO-MACS 5.1.2 package and gromos96 43a1 force field were used to carry out all MD studies. Free proteins and flavonol-protein complexes were located in the cubic box with the periodic boundary conditions in the three directions. The solutes were placed in the center of box and the minimum distance between solute surface and the box was 1.0 nm. The box filled with SPC water molecules [38, 39] , and the solvated systems were neutralized by adding appropriate amounts of sodium ions (Na + ) and chloride ions (Cl -). After energy minimization using the steepest descent method, the systems were equilibrated for 200 ps at the temperature of 300K. Finally, an 18 ns MD simulation was carried out at 1bar and 300K. Parrinello-Rahman barostate [40] at 1 bar, Berendsen thermostat [41] at 300K, 9 Å cut off for van der Walls and Coulomb interactions and the particle mesh Ewald (PME) method [42, 43] for long range electrostatics were used. The leap-frog algorithm with the 2 fs time step was used to integrate the equation of motions. Finally, an all-bond constrain was used to keep the ligand from drifting and the atomic coordinates were recorded to the trajectory file every 0.5 ps for later analysis.
Results

3HF or 7HF prevents nicotine-associated cell injury by suppressing nicotine-induced ROS production in renal proximal tubule cells
To determine the beneficial effects of 3HF and 7HF on NIC-induced cell injury, renal proximal tubule (NRK52E) cells were pre-treated with 20 μM 3HF or 7HF overnight prior to treatment with 200 μM NIC and cell viability was determined 24 hours later. Fig 1B shows that NIC significantly decreases cell viability, which was prevented by pretreatment with either 3HF or 7HF (Fig 1B) . We also showed that neither 3HF nor 7HF elicits any cytotoxicity at this concentration ( Fig 1B) . Since cytotoxic effects of NIC are associated with its capability to produce excessive amounts of ROS in renal proximal tubule cells [3, 4] , we tested whether these hydroxyflavones affect NIC-mediated ROS production? Accordingly, NRK52E cells were pretreated with either 20 μM 3HF or 7HF overnight and 200 μM NIC-mediated ROS production was determined as described in Materials and Methods. As is shown in Fig 1C , both 3HF and 7HF significantly attenuated NIC-induced ROS production. In fact, 3HF or 7HF treatment alone exerts some antioxidant effects via reducing basal ROS production ( Fig 1C) . It is important to note that the ROS-inhibiting effect of 3HF is moderately but significantly stronger than 7HF at an equimolar concentration.
3HF and 7HF activates the promoter of distinct antioxidant genes. A major mechanism by which flavonoids exert their indirect antioxidant properties is the induction of antioxidant genes such as HO-1 and MnSOD [44] . To test this, NRK52E cells were transfected with either a MnSOD or a HO-1 promoter luciferase plasmid together with a renilla luciferase and treated with 20 μM 3HF or 7HF. 24 hours later luciferase activities were determined as described in Materials and Methods. Interestingly, 3HF preferably activates the MnSOD promoter (Fig 2A) while 7HF, rather the HO-1 promoter (Fig 2B) . Since both MnSOD and HO-1 can be activated via the antioxidant response element (ARE) [44] , activation of an ARE reporter luciferase was also determined after treatment with 3HF or 7HF. As shown in Fig 2D , ARE was preferably induced by 7HF. Instead of the ARE 3HF preferably induced a CRE reporter luciferase ( Fig  2C) . The CRE element binds the transcription factor CREB and induces transcription of the MnSOD [45] . Indeed, infection of NRK52E cells with a dominant-negative CREB (M1CREB) adenovirus inhibited 3HF-mediated induction of the MnSOD promoter (Fig 2A) and a CRE reporter (Fig 2C) . In addition, the protein kinase A (PKA) inhibitor H89 also significantly attenuated 3HF-mediated induction of the MnSOD promoter (Fig 2A) and the CRE reporter (Fig 2C) . In contrast, knock-down of endogenous Nrf2 (a transcription factor that binds the ARE [44] ) via a Nrf2 siRNA (siNrf2) did not elicit significant effects (data not shown). These data suggest that 3HF induces the MnSOD promoter through the PKA/CREB/CRE axis and not through Nrf2/ARE.
We also determined whether activation of Nrf2/ARE (Fig 2D) is responsible for 7HF-mediated induction of the HO-1 promoter. Accordingly, NRK52E cells were transfected with a Nrf2 siRNA (siNrf2) together with either an HO-1 promoter or ARE reporter and treated with 20 μM 7HF. 24 hours later luciferase activities were determined. Fig 2B shows that knockdown of Nrf2 significantly attenuated activity of the HO-1 promoter (Fig 2B) and the ARE reporter (Fig 2D) . In addition, inhibition of ERK via a dominant-negative MEK (dnMEK) adenovirus, also inhibited 7HF-mediated activation of the HO-1 promoter (Fig 2B) and the ARE reporter (Fig 2D) . In contrast, neither M1CREB nor H89 did not affect 7HF-mediated activation of HO-1 and the ARE (data not shown). These results suggest that 7HF activates the HO-1 promoter via the ERK/Nrf2/ARE axis.
Protective effects of 3HF and 7HF requires activation of MnSOD or HO-1, respectively. To demonstrate that 3HF and 7HF rescues renal proximal tubule cells from NICdependent cytotoxicity via activation of the anti-oxidant MnSOD or HO-1, respectively, the following experiments were performed. NRK52E cells were transfected with a short-hairpin MnSOD (shMnSOD) to knockdown MnSOD expression or treated with 10 μM tin-protoporphyrine (SnPP) to inhibit HO-1 activity then treated with either 20 μM 3HF or 20 μM 7HF overnight followed by 200 μM NIC. 24 hours later cell viability was determined. Fig 3 shows that knockdown of MnSOD (shMnSOD) significantly attenuated beneficial effects of 3HF but not 7HF. In contrast, inhibition of HO-1 activity (SnPP) significantly attenuated beneficial effects of 7HF but not 3HF. These data suggest that protective effects of 3HF is due to-at least partly-activation of MnSOD while protective effects of 7HF due to-at least partly-activation of HO-1. 
Computational studies
Cellular studies suggested the protective roles of 3HF and 7HF against NIC-induced oxidative stress through the induction of antioxidant enzyme through different mechanisms that involves Nrf2 and CREB. Hence, it is pertinent [21] to study the binding interactions and molecular dynamics of 3HF and 7HF with transcription related proteins such as Keap1-Nrf2 conjugate (pdb id: 2DYH) and CREB (pdb id: 1DH3).
Molecular docking studies using AutoDock
Crystal structure analysis revealed that 2DYH consist of two polypeptide chains [30] , while 1DH3 exist as a monomer or a dimer conjugated with DNA [31] . We chose the monomer of 1DH3 for the present study. AutoDock program was chosen to examine the binding modes of 3HF and 7HF with the transcription factors. The best score ranked results are shown in Table 1 . The docking results showed that although there is not a major difference in the types of binding interactions, 3HF binds to 1DH3 with a 4.8% more binding energy than 7HF. On the contrary, the binding energy of 7HF is 15.7% more than 3HF in the case of 2DYH, with different binding modes. Fig 4 shows the binding sites of the flavones in the protein matrices. 7HF is in H-bond interaction with Val(418), Val(606) and Gly(367) of 2DYH. Also, H-bond interactions with Ala(510) and Val(512) stabilized 3HF in the binding site of 2DYH. These results clearly indicate that the -OH in the 'A' ring act differently than the 'C' ring in flavone toward interacting with the signaling proteins, which warrant a detailed study using molecular dynamics simulations.
Molecular dynamics simulation studies
The beginning structures for the MD analyses were selected from the conformations with lowest docking energies. The stability of the system (protein and ligand) properties was examined by means of RMS deviations (RMSD) of unbound and ligand conjugated protein with respect to the initial structure, RMS fluctuations (RMSF), the solvent accessible surface area (SASA) of protein and number of H-bonds. Preliminary simulations over 18 ns time were performed on 1DH3 and 2DYH with ligands 3HF and 7HF. Table 2 fluctuated around its mean value after about 5 ns simulation time. The average RMSD of 3HF-1DH3 and 7HF-2DYH are closer to free protein than the other conjugates ( Table 2 ). Fig 5B shows that complexation with 3HF improved the SASA of 1DH3 when compared to free and 7HF bound protein, which might be associated to its functionalities. On the contrary, not a significant change in SASA of 2DYH was observed in the presence of ligands ( Fig 5D and Table 2 ). Local protein mobility was analyzed by calculating the time averaged RMSF values of free protein and protein-flavonol complexes and were plotted against residue numbers based on the last 10000 ps trajectory (S1 Fig). The profiles of atomic fluctuations were found to be very similar to those of free protein and protein-flavonol complexes. RMSF highlights the conformational adjustments of the protein structure, in conjunction with ligand conformational adaptation to their binding sites. The results indicate that the residues that were in contact with the ligands are stable and have low RMSF values suggesting that the structure of drug binding site remains rigid during simulation. In addition, the RMSF of the atomic positions of the ligands was calculated to examine their conformational variations (S2 Fig). The results indicate that the ligand atoms showed limited fluctuations. Hence, it can be concluded that the interactions of proteins and the ligands were stable during the simulation time. The changes in the number of intramolecular H-bonds of proteins during the 18 ns simulation time are shown in Table 2 . The variations of H-bonds were similar to the variations of SASA. This similarity confirms the correctness of the MD simulation results. All of the above simulations reveal that the presence of the -OH group in 'A' vs 'C' ring in flavone, significantly influence the microenvironment of the transcription related proteins to different extent, thereby exerting variations in their response against oxidative stress.
Discussions
Smoking and E-cigarette use-via their NIC content-increases renal oxidative stress in experimental systems [4] and in the renal patient [46] . While the easiest way to circumvent this problem is smoking cessation, many smokers refused to quit. Hence, therapeutic means are necessary to ameliorate smoking/NIC exposure associated renal oxidative stress and consequent injury. Protective role of antioxidants in smoking/NIC exposure-associated renal injury has been established [47] . Flavonoids-that are abundant in various fruits and vegetables-are known antioxidants in a variety of in vitro systems [48] . It has been suggested that flavonols positively affect renal health through their antioxidant function [49, 50] . However, there are virtually no data regarding the impact of flavonoids on renal health during smoking. Protective effect of epicatechin, a potent antioxidant flavonoid in the human diet, on NIC-induced renal oxidative stress has been demonstrated in rats [51] . Hence, it is highly plausible that flavonoids are good candidates to ameliorate NIC exposure-associated renal injury. Flavonoids exert their beneficial effects-among the others-via "direct" and "indirect" antioxidant activity [10, 15] . Direct antioxidant activity involves scavenging of reactive oxygen (ROS) and reactive nitrogen (RNS) species [10] , while their indirect antioxidant effect means induction of enzymes that protect cells from deleterious effects of oxidative stress [10] . Such enzymes include HO-1 or MnSOD expression of which is regulated through the ARE in their promoter proximal region [10] .
Interestingly, studies described correlation between the number/configuration of hydroxyl groups and direct antioxidant (scavenging) activity of various flavonoids [15, 52] . However, the relationship between indirect antioxidant activity and configuration of hydroxyl groups is virtually unknown. In this study we compared indirect antioxidant activity of 3HF and 7HF: both possess only one hydroxyl group but at different position (Fig 1) .
Our studies confirmed protective effects of both 3HF and 7HF on NIC-induced cytotoxicity in cultured renal proximal tubule cells (Fig 1B) . We also demonstrated that this protection is associated with inhibition of NIC-induced ROS production (Fig 1C) . We also proved that protective effects of 3HF is-at least partly-due to induction of MnSOD (Fig 3) , while protective effects of 7HF involves induction of the HO-1 gene (Fig 3) . It seems that while 3HF and 7HF provides total protection against NIC-mediated cytotoxicity (Fig 1B) , protective effects of MnSOD (induced by 3HF) or HO-1 (induced by 7HF) are less effective (Fig 3) . It is plausible that protective effects of 3HF and 7HF may be also due to other mechanisms which include inhibition of pro-oxidant genes [10] . This possibility may warrant further investigation.
In addition, we observed that 3HF transcriptionally activates the MnSOD gene via a CRE element (Fig 2C) through inducing the CREB transcription factor by PKA (Fig 2A) . In contrast, 7HF activates the promoter of the HO-1 gene via ARE (Fig 2B) through inducing the Nrf2 transcription factor (Fig 2D) .
The differential influences of the 3-OH and 7-OH groups in flavones are corroborated by docking and molecular dynamics simulations in the CREB (pdb id: 1DH3) and Nrf2-Keap (pdb id: 2DYH) proteins. The three dimensional structure of the signaling proteins creates preferences for binding to one flavone over another, e.g. 1DH3 prefers 3HF, while 7HF is favored by 2DYH, as is observed through the binding energies in Table 1 . Furthermore, molecular dynamics simulations (Table 2 and Fig 5) determined that the root-mean-square deviations of proteins 1DH3 and 2DYH were minimum with ligand 3HF and 7HF respectively, when compared to free protein. Less deviation in the overall structure of the protein surely attest to better functionalities.
Based on molecular docking features of quercetin (a powerful antioxidant flavonoid) Ji et. al. [21] proposed that quercetin binds the Nrf2-binding site of Keap, which prevents Keap1 association with Nrf2. Since association of Nrf2 with Keap1 keeps Nrf2 inactive [19] , hence, quercetin facilitates activation of Nrf2 and Nrf2-regulated genes such as HO-1. Our molecular docking studies on Keao1-Nrf2 showed significant differences between 3HF and 7HF (Table 1) , which may imply a similar interaction between 7HF and Keap1. The consequence of such an interaction is an augmented Nrf2 activation by 7HF and consequently Nrf2-mediated upregulation of HO-1 (Fig 2) . Further studies are needed to verify this scenario.
Our docking studies on CREB protein 1DH3 (Table 1 , Fig 4) identified that 3HF binds in the region made of TYR336-LYS330-LYS333-LEU332-LEU329, which shows higher binding affinity than 7HF (where binding site is made of LYS330-LYS333-LEU332-LEU329 amino acids). Interestingly, the binding pocket is different than ATP binding site [53] suggesting no interference between the two. These implies that the high affinity binding of 3HF to CREB protein may facilitate its phosphorylation allosterically, which could interpret the observed CRE activation by 3HF (Fig 2C) and the consequent MnSOD activation by CREB (Fig 2A) . Fig 6 summarizes the study by highlighting the difference in the mechanism underlying the protective effects of two monohydroxyflavone isomers against nicotine induced stress. Future studies using competitive inhibitors of ATP in the presence of flavones are needed to attest our interpretations.
The uniqueness of this study lies in the fundamentals of understanding of the mechanism of cellular protective functions of a single hydroxyl group in flavone, and the importance of its position in the structure. The wide applications of this promising approach would likely to open an avenue for the screening and design of the most suitable flavonoid derivatives among other structural variants of this new generation of rapidly emerging potential therapeutic drugs. 
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